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This paper presents results and discussions on an experimental study conducted to relate the rate of
widening of corrosion cracks with the pattern of corrosion cracks as well as the level of steel corrosion for RC
beams (153 x 254 x 3000 mm) that were corroded whilst subjected to varying levels of sustained loads. Steel
corrosion was limited to the tensile reinforcement and to a length of 700 mm at the centre of the beams. The
rate of widening of corrosion cracks as well as strains on uncracked faces of RC beams was constantly
monitored during the corrosion process, along the corrosion region and along other potential cracking faces
of beams using a demec gauge. The distribution of the gravimetric mass loss of steel along the corrosion
region was measured at the end of the corrosion process. The results obtained showed that: the rate of
widening of each corrosion crack is dependent on the overall pattern of the cracks whilst the rate of
corrosion is independent of the pattern of corrosion cracks. A mass loss of steel of 1% was found to induce a
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corrosion crack width of about 0.04 mm.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Corrosion of steel bars that are embedded in concrete is the
principal cause of deterioration of reinforced concrete (RC) structures
that are within the marine environment [1]. It reduces the structural
integrity of concrete by the loss in the area of steel, cracking of the
cover concrete as well as the loss in the bond between the corroding
steel and the surrounding concrete. This is because in addition to
reducing the area of steel, corrosion products occupy a larger volume
than the parent metal so that their continued production applies
tensile stresses on the surrounding concrete, which eventually causes
cracking of the cover concrete [1-30].

For those responsible for monitoring the service life of corrosion-
affected RC structures such as structural engineers and asset
managers, it is important that they identify their easy-to-measure
properties that can be directly related to the loss in the area of steel
and eventually, the residual capacity of the structures [2,3]. In an
attempt to identify these easy-to-measure properties, numerous
experimental studies on the behaviour of RC structures with
corroding steel bars have been carried out [1-30]. Numerical as well
as analytical models such as; the bond between the corroding steel
and the surrounding concrete [2,4,5]; the crack width [6-8];
deflections [9]; and ultimate moment capacity of corroded beams
[10], have also been developed to predict the behaviour of concrete
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structures experiencing steel corrosion. These models were, in most
cases, calibrated with experimental results that were obtained from
RC specimens that were corroded in the absence of a sustained load.
Previous studies on steel corrosion of RC structures that were
corroded under load [11-16] have, however, revealed that whilst RC
structures that were corroded in the absence of a sustained load have
been shown to exhibit a gain in the flexural stiffness during the early
corrosion stages [17,18], there is never a gain in the flexural stiffness
of structures that are corroded whilst under a sustained load. Works
by [15,16] showed that after a certain level of steel corrosion on RC
beams that were corroded under a constant sustained load, the
stiffness of the beams reduced from their near-gross stiffness to their
fully-cracked stiffness. The reduced stiffness then remained constant
despite a continued increase in the level of corrosion.

Contrasting results were found on the effects of a sustained load on
the rate of corrosion. For example, [12,14] reported a larger rate of
corrosion for RC beams that were corroded whilst under a constant
sustained load compared to RC beams that were corroded in the
absence of a sustained load. In contrast, a study by [13] revealed the
same level of steel loss for RC beams that were corroded under a
sustained load in comparison to RC beams that were corroded in the
absence of a sustained load. A review by [11] has therefore
recommended that further research needs to be conducted to enable
a better understanding of the effects of loading on the rate of corrosion.

Another important finding on the effects of sustained load on
corroding RC beams was that it yielded wider corrosion cracks
compared to beams that were corroded in the absence of a sustained
load [12,13]. A meticulous measurement of corrosion crack widths
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reported by the researchers was, however, carried out at the end of the
corrosion tests when the specimens were removed from their respective
loading systems. This was probably because the loading systems used by
the researchers did not allow for an easy continuous monitoring of the
crack widths during the corrosion process as reported by [11,12]. The
sequence and propagation of the cracks with an increase in the level of
corrosion was as such unknown. It is however, worth noting that studies
by [13] monitored the widening of corrosion crack widths with the level
of steel corrosion on beams that were corroded under load. They found
corrosion crack widths to generally widen with an increase in the level
of corrosion but at a larger rate for beams that were corroded under a
sustained load compared to beams that were corroded in the absence of
a sustained load. The rate of widening of the crack widths exhibited two
distinct stages namely; an initial constant rate of crack widening
followed by a reduced but also constant rate of crack widening. The
major limitation of the work from [13] is that they took crack mea-
surements at a single point on the beam (centre of the extreme tensile
face of the beam) so that the variation of the crack widths along the
corroded beam as well as the reasons for a change in the rate of wid-
ening of corrosion crack widths was unclear.

Studies by [19] on the lateral deformation of RC beams under
simultaneous load and steel corrosion have shown that corrosion
crack widths vary along the corrosion region with the largest crack
widths experienced at the centre of the region. This indicates that in
order to relate corrosion crack widths with the level of steel corrosion,
as previously attempted by other researchers [3,6,7,13,20], a full
understanding of the variation of both the loss in the area of steel and
the crack widths with the level of corrosion as well as along the
corroded specimen is necessary. Works by [19] were however, mainly
intended to show that lateral deformation of cover concrete due to
steel corrosion cannot be modelled by assuming uniform expansion of
the cover concrete, which is the basis for models of concrete cover
cracking that use the thick-walled cylinder approach [7,21]. In addi-
tion, very little work has been done on the variation of loss of steel
along corroded specimens, especially when corrosion occurs whilst
the specimens are under a sustained load. This is probably because the
majority of previous works (even on structures that were corroded in
the absence of a sustained load) reported average gravimetric mass
loss of steel instead of mass loss of steel at a point along the beam
[10,12,13,18,20,22,23].

This paper attempts to fill the aforementioned gaps by providing a
further discussion as well as additional results to those that were
presented in a previous publication by [19] on the sequence and the rate
of corrosion crack widening on RC beams due to steel corrosion. The
paper also tries to relate the variation of corrosion crack widths along
the beam with the corresponding variation of the level of steel loss. The
relation between the variation of the level of steel corrosion and the
residual capacity of corroded beams will be published elsewhere.

2. Experimental programme

The experimental programme involved testing eleven quasi-full-
scale RC beams (153 x254x 3000 mm) under four different levels of
sustained loads: 0%, 1% (low deflections), 8% (high deflections but no
flexural cracks) and 12% (high deflections and flexural cracks) of the
ultimate load capacity of a virgin beam. The detailed loading systems
that were used during the corrosion process are discussed in [11,15,19]
and are shown in Figs. 1 and 2.

2.1. Reinforcement configuration

Each beam was reinforced with three 12 mm deformed bars in
tension and two 8 mm plain bars in compression. The shear reinforce-
ment consisted of 8 mm plain bars spaced at 100 mm (centre-to-centre)
in the shear span. No stirrups were placed in the middle span; instead
compression reinforcement bars in the middle span were tied together
by 8 mm diameter hooks at 200 mm spacing to prevent buckling of
compression bars when testing the beams to failure. The reinforcement
configuration of the beams is shown in Fig. 3.

2.2. Material properties

All beams were cast using concrete with the same mix proportions
with 28 days target strength of 35 MPa. Maximum aggregate size of
the concrete was 13.2 mm and w/c ratio was 0.63. Cement, fine sand
and coarse aggregate contents were 300 kg, 909 kg and 950 kg/m>
respectively. Due to the limited number of loading frames to test
beams under a sustained load, it was not possible to test beams at the
same age. The compressive strength of each concrete was therefore
determined at the time of testing using three 100 mm cubes. The

Fig. 1. Test set-up for beams under 1% loading.
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Fig. 2. Test frame for beams under 8% and 12% loading.

measured strength ranged from a minimum of 35.2 MPa (s.d. = 0.8) to
a maximum of 50.8 MPa (s.d.=0.6) as shown in Table 1. Tensile pull
tests were carried out on the reinforcing steel bars used in the
programme. The 12 mm deformed bars had yield strength of 549 MPa
(s.d.=3 MPa) and ultimate strength of 698 MPa (s.d. =4 MPa) whilst
the 8 mm plain bars had yield strength of 385 MPa (s.d.=1 MPa) and
ultimate strength of 451 MPa (s.d. =2 MPa).

2.3. Corrosion process

The accelerated corrosion process was induced by impressing a
constant direct current of 150 mA on the tensile steel bars. It was

DC Power supply

Targets

Table 1
Experimental programme.

Beam Sustained load as % of ultimate capacity f’c, MPa (s.d.) Crack pattern
1 1 50.8 (0.6) Pattern B
2 1 46.6 (1.1) Pattern B
3 389 (14) Pattern B
4 389 (14) Pattern B
5 8 35.2 (0.8) Pattern B
6 40.1 (1.3) Pattern B
7 12 440 (1.1) Pattern B
8 44.0 (1.1) Pattern B
9 40.1(1.3) Pattern C
10 8? 40.1 (1.3) Pattern B
11 40.1 (1.3) Pattern A

2 Beams under an extended testing programme.

limited to the tensile reinforcement and to a length of 700 mm at the
centre of the beams by building a NaCl pond on the extreme tensile
face of the beams to contaminate only the region to be corroded as
shown in Figs. 1-3. Assuming the limitation of steel corrosion to the
desired length, the applied current corresponded to a current density
of 189 pA/cm?. It is acknowledged that this current density is much
larger than the current densities in real structures which normally
range between 0.1 and 100 pA/cm? [20,24]. The intention of the
accelerated corrosion test was to produce desired structural damage
within a reasonable time frame but without excessively altering the
structural response that would be obtained under natural steel cor-
rosion. In the absence of a testing standard for accelerated corrosion of
RC laboratory specimens, a guide from [23] that impressed current
densities should be limited to 200 pA/cm? was followed. This is one
area that still requires extensive research as well as standardisation.

The electrical connections to the power supply were such that the
steel bars acted as the anode and a 12 mm stainless steel bar of length
250 mm, placed at the extreme tensile face of the beams acted as a
cathode. The corrosion process involved cycles of four days wetting of
the pond with a 5% solution of NaCl followed by two days drying of the
pond under natural laboratory conditions. The total wetting days was
limited to 44 days which according to Faraday's Law, is equivalent to a

Stainless steel bar

5% NaCl pond
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10x8 mm stirrups at 100 bars
mm spacing / > A
254 .
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1000 2x8 mm bars
1150 700
3000
Side view of beams (inverted)
30 30 3x12 mm bars
40 - ‘ﬂ ¥
00 3x12 mm bars 40
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Fig. 3. Reinforcement configuration of test beams.
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loss of area of steel of about 10%. Anodic current was only applied
during the wetting period. The corrosion process used in this research
is similar to the one described in [11,15,19].

2.4. Strain measurements

Lateral deformation of the RC beams due to steel corrosion was
assessed by monitoring lateral strains applied on the concrete at various
potential cracking regions. This is in contrast with the majority of
previous works where lateral deformation on concrete due to expansive
corrosion products was presented as corrosion crack widths that were
directly measured using various devices such as magnification lenses,
microscopes and crack compactors [3,6,12,13,22]. The advantages of
using lateral strains over using crack widths to assess the behaviour of
corroding RC specimens have also been seen elsewhere: [19,20] found
the use of strain gauges to be very informative at the early corrosion
stages when cracks were not visible; [25,26] found strain gauges to be
useful after strengthening specimens by externally bonding them with
fibre reinforced polymers when the cracks were covered; and probably
most importantly to this research, [13] showed that if lateral strains are
strategically monitored on cracking areas, they can easily be converted
to corrosion crack widths.

In this programme, lateral strains were measured using a 100 mm
demountable mechanical (demec) strain gauge with a range of +10
to 45000 micro strains. A minimum strain of 10 micro strains
recorded from the gauge is therefore equivalent to a lateral expansion
or a crack widening of 0.001 mm. Lateral strains were monitored at
seven different locations along the beam to show not only how they
vary with the level of corrosion, but also how they vary along the
beam. For the first set of beams tested in the research programme, the
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experimental set-up was such that strains could only be measured at
the extreme tensile face. For the subsequent set of beams, they were
also measured on different potential cracking faces of the beams as
described in detail in [19] and as shown in Figs. 3 and 4.

2.5. Measurements of the level of corrosion

Following the entire testing process (which included steel
corrosion, flexural test of beams with exposed reinforcement, patch
repair of beams whilst under a sustained load, strengthening of beams
with externally bonded fibre reinforced polymers also whilst under a
sustained load and the test of beams to failure), RC beams were
broken and the corroded steel bars were retrieved. The bars in the
concrete were cut at least 150 mm beyond each end of the corrosion
region where there was no visual sign of corrosion. They were then
cleaned of rust according to the ASTM G-1 standard [27].

For the first set of beams, steel bars were cut to coupons of about
100 mm in length. After noticing that there was a significant range in
the mass loss of bars along the corrosion region, steel bars in sub-
sequent beams were cut to coupons of about 50 mm in length. The
coupons were then weighed and their actual length measured to
determine their mass per length. The percentage gravimetric mass
loss of a steel coupon, Q4, was calculated from Eq. (1).

I T

Qg 100 (1)

u
Where; p, is the average mass per length of an uncorroded steel

coupon (=0.888 g/mm of length for the 12 mm bars used in the
programme); and g is the mass per length of a corroded coupon.
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Fig. 4. Location of targets for strain measurements on beams.
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This procedure of measuring mass loss of steel is different from
procedures previously used by other researchers which measure the
average gravimetric mass loss of the entire corroded steel bar
[10,12,13,18,20] and the pit depth [3,22]. Its advantages over the
previous methods is that: the average mass loss does not indicate the
variation of mass loss of steel along the bar; the actual diameter of an
uncorroded deformed bar often varies along the bar due to varying rib
heights which makes it difficult to later relate the reduced bar
diameters due to corrosion with the loss in area of steel bars; and loss
in section of the steel due to corrosion is not uniform as was shown by
[19,28].

3. Results
3.1. Corrosion crack patterns

During the corrosion process, RC beams in this programme ex-
hibited three main types of corrosion crack patterns namely; crack
pattern A, crack pattern B and crack pattern C. In crack pattern A, a
single crack that propagated parallel to the corroded steel bars was
observed on the extreme tensile face of the beam where corrosion
agents were drawn into the concrete. Within the corrosion region, this
crack was mostly at the centre of the beam. However, at a distance of
about 50 mm before or beyond each end of the corrosion region, the
crack split into two and the crack splits diverged to opposite side
edges of the beam. The split cracks then crossed to the side faces and
propagated to a distance of about 150 mm beyond the ends of the
corrosion region and also parallel to the corroded bars as shown in
Fig. 5a. The ends of the crack (now on the side face) coincided with the

edges of the constant moment region. Only one beam (beam 11) from
the eleven beams tested in the programme exhibited this crack pattern.

In crack pattern B, the beam initially cracked on its extreme tensile
face as in crack pattern A. However, as the level of corrosion increased,
another crack was observed on one side face of the beam whilst the
other side face remained uncracked. The crack on the side face of the
beam was at the level of the corroding tensile reinforcement and
propagated (parallel to the bars) to a distance of about 150 mm
beyond the ends of the corrosion region as shown in Fig. 5b. At a
distance of about 50 mm beyond each end of the corrosion region, the
crack on the extreme tensile face diverged to the side edge of the
beam that belonged with the uncracked side face. In contrast to a
crack in pattern A, the crack at the extreme tensile face for cracks in
pattern B did not split into two and did not cross to the side face of the
beam either. The majority of the beams tested (nine beams) exhibited
this crack pattern. The times at which the crack patterns in various
beams changed from crack pattern A to crack pattern B were however,
uncommon and ranged from about 20 days to about 40 days.

In crack pattern C, the beam initially cracked on its extreme tensile
face followed by a single crack on each side face as the level of corrosion
progressed. In this pattern, the crack on the extreme tensile face ended
in the middle of the face (at a distance of about 150 mm beyond the end
of the corrosion region) and did not diverge to the side edges of the
beam as in the other crack patterns. The cracks on the side faces were
similar to the single crack on one side face in crack pattern B. Similar to
crack pattern A, only one beam (beam 9) exhibited this crack pattern. It
is important to mention that the cracks on the side faces in crack pattern
Cwere observed at different times. For beam 9 they were observed after
25 days and after 45 days of testing.

b) Crack on side face of the beam (crack pattern B or C)

Fig. 5. Corrosion crack patterns.
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The above discussed crack patterns were the main crack patterns
that were observed on the tested beams. In a few beams, side faces
that were considered uncracked actually had small isolated corrosion
cracks which probably indicated a change between crack patterns. It is
acknowledged that similar crack patterns have also been reported
elsewhere [13,16,20,29]. The difference between these crack patterns
and crack patterns found by other researchers is that they at times
found multiple cracks on the extreme tensile face that propagated
along the positions of each reinforcing bar. This is probably because
they used larger spacing between the bars. For example, [13] had a
spacing of about 70 mm between bars whilst in this programme a
spacing of 18 mm between bars was used. Both spaces between bars
are practical and accepted in various design codes such as [31]. It was
found in this programme and also by other researchers [13,16,29] that
even for identical specimens, it is difficult to predict the type of crack
pattern that each specimen will exhibit. However, the majority of
specimens in this programme and elsewhere [13,16,29] exhibited
crack pattern A at the early corrosion stages which then changed to
crack pattern B as the level of steel corrosion increased. The relations
between the various crack patterns and the rate of widening of each
crack, which are the more important concerns are however, uncertain.
This is most likely because the previous researchers either measured
crack widths at one location along the specimens during the corrosion
process or they meticulously measured crack widths at the end of the
test.

3.2. Relation between crack patterns and the rate of widening of cracks

The lateral strains and hence crack widths, induced by the
expansive corrosion products on the various faces of the beams
were, as expected, closely related to the corrosion crack patterns. In a
beam that exhibited corrosion crack pattern A, the majority of lateral
strains recorded on uncracked side faces of the beam were com-
pressive whilst, as expected, lateral tensile strains were recorded on
the cracked extreme tensile face of the beam as shown in Fig. 6a. The
figure also shows that each measuring point along the tensile face of
the beam demonstrated a near-constant rate of increase of lateral
tensile strains during the indicated time of testing. This implies that
the width of cracks at the extreme tensile face widened with the level
of corrosion and at a near-constant rate.

For a beam that exhibited crack pattern B, lateral tensile strains
were experienced on the faces of the beam that had corrosion cracks
whilst compressive strains were recorded on the uncracked side face.
Before the appearance of the crack on the side face, the rate of increase
of lateral tensile strains on the extreme tensile face of the beam was
nearly constant and about the same as in crack pattern A. Interest-
ingly, following the appearance of the crack on the side face (25 days
for beam 10), the rate of increase of the corresponding lateral tensile
strains on the extreme tensile face decreased whereas the rate of
increase of the lateral tensile strains on the (now) cracked side face of
the beam was nearly constant through the entire testing process as
shown in Fig. 6b.

Lateral strains found in crack pattern C were initially similar to
those measured in crack pattern A followed by those in crack pattern
B. In contrast to crack patterns A and B, when both sides of the beam
cracked in crack pattern C (45 days for beam 9), the lateral tensile
strains at the extreme tensile face of the beam seized to increase
despite a continued increase in the level of corrosion. The rate of
increase of lateral tensile strains on the side faces of the beam how-
ever, remained positive and near constant through the entire testing
process as shown in Fig. 6¢. Interestingly, and essential to under-
standing the relation between corrosion crack widths and the various
corrosion crack patterns, the rate of widening of corrosion cracks on
the side faces of beams in crack patterns B and C was almost the same
as the rate of widening of corrosion cracks at the extreme tensile face
of a beam with crack pattern B (~0.009 mm/day).

It is evident that compared to beams that exhibit crack pattern A
(where there was always a near-constant rate of widening of cor-
rosion cracks), corrosion cracks in beams that have crack pattern B
will have a lesser width whilst beams that exhibit crack pattern C will
have the narrowest corrosion cracks. As previously mentioned, prior
to the change of crack patterns the beams exhibited about the same
rate of widening of corrosion cracks. For example, Fig. 6 clearly shows
that after 20 days of accelerated corrosion testing (when the beams
had crack pattern A), crack widths in each of the beams 9, 10 and 11
ranged from 0.2 mm to 0.4 mm. This range of corrosion crack widths
covers the lower limit corrosion crack width of 0.3 mm that the
DuraCrete Final Technical Report [30] uses as a criterion for the end of
service life of corrosion-affected RC structures. This indicates that the
service life of corrosion-affected structures on the basis of a crack
width of 0.3 mm is not significantly variable between identical
structures. After 65 days of corrosion however, beam 11 (still with
crack pattern A) had a maximum crack width of 1 mm whilst beam 9
(now with crack pattern C) had a maximum crack width below
0.6 mm at the extreme tensile face. Moreover, the maximum crack
width of 0.6 mm at the extreme tensile face in beam 9 was dormant
whilst the actively widening crack on the side face of the beam had a
crack width of about 0.2 mm. In contrast, the crack width of 1 mm in
beam 11 was still actively widening. The obvious implication is that
end of service life that is based on the criterion of maximum corrosion
crack width of 1 mmiis likely to suggest reinstatement of RC structures
with crack pattern A prior to reinstatement of structures with crack
pattern C. Similar to crack pattern A, results from [16] on beams that
were corroded under natural steel corrosion for an excess of 23 years
suggest that when a crack on the extreme tensile face is actively
widening, the rate of widening of an adjacent crack on the side face of
the beam is relatively low. One important research element that is still
unclear however, is how these crack patterns relate to the level of
steel loss and subsequently, to the residual capacity of the structures.

To later enable an easier relation of maximum corrosion crack widths
with the level of steel corrosion, Fig. 7 shows the variation of lateral
tensile strains along the corrosion region (at the extreme tensile face)
for the various beams tested in the programme. The position along the
beam shown in the figure was measured from the current input side
of the beam to the current output side. Zero in the figure therefore
indicates the edge of the corrosion region on the current input side
whilst 700 mm indicates the edge of the region on the current output
side. In each crack pattern, the lateral strains on the extreme tensile face
varied along the corroded region with the maximum strains experi-
enced at the centre of the corrosion region and very low strains were
experienced at the ends of the region. Only lateral tensile strains at the
extreme tensile face are shown in the figure because for all beams in this
programme, maximum crack widths were at the extreme tensile face of
the beams. This was true despite cracks at the extreme tensile face in
beam 9 having been dormant for nearly half the total time of testing. If
steel corrosion was to be continued, it is expected however, that the
maximum crack widths in beam 9 would belong with the side face as
opposed to the extreme tensile face.

Even though the general behaviour of the lateral tensile strains
along the corrosion region was the same for all beams shown in Fig. 7,
the magnitude of the strains was different for each beam. Owing to the
varying times at which different corrosion crack patterns were
observed on the beams and that the rate of widening of the cracks
was closely related to the crack patterns, the beams were expected to
show varying corrosion crack widths. As discussed earlier, the figure
clearly shows that the beam with crack pattern A had much wider
cracks and the narrowest cracks belonged with a beam with crack
pattern C. Considering the large variation between the dominant
lateral tensile strains for the various beams displayed in Fig. 7 (even
for beams with the same crack patterns) and that the beams exhibited
a similar shape of lateral strains along the corrosion region, it is logical
to present the strains as an envelope rather than an average. The
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Fig. 6. Lateral strains in various crack patterns.

lower and upper bounds of the envelope can be represented by the
following trend-lines;

Lower bound strains (microstrains) = —0.04x* + 253x + 7108 R* =097
2)

Upper bound strains (microstrains) = —0.04x* + 28.4x + 48153 R* = 0.98.
3)

In agreement with previous work by [19], the figure shows that the
strains were independent of both the strength of the concrete as well

as the level of the sustained load. This is probably because the corrosion
process used in the test was accelerated to a rate that is much larger than
the natural rate of corrosion of in-service structures [20,24|. Further
work is ongoing to assess the effect of the level of the sustained load on
the rate of deformation of beams under natural corrosion.

3.3. Variation of steel loss along the beam

The average percentage mass loss of steel for every measured section
(50-100 mm) along the corroded length was calculated as the average
percentage mass loss of the three steel coupons corresponding to that
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Fig. 7. Variation of lateral tensile strains along the corrosion region at the end of the test.

section and its variation along the beam is shown in Fig. 8. From this
figure, it is clear to observe that the general variations of mass loss of
bars along the corrosion region behaved like a parabola with a
maximum vertex close to the centre of the corrosion region. The loss
of steel extended to about 150 mm beyond the ends of the corrosion
region, which agrees well with the ends of the corrosion cracks. It is also
evident from the figure that the level of mass loss of steel and its
variation along the beam were independent of the level of the sustained
load and probably most importantly, were independent of the pattern of
corrosion cracks. Similar to the variations of dominant lateral tensile
strains of the beams along the corrosion region (Fig. 7), mass loss of steel
in different beams was distributed similarly along the corrosion region
but at different scales. The variation of mass loss of steel in different
beams was therefore also presented as an envelope that had the
boundaries with the following trend-lines;

Lower bound mass loss of steel (%) = —3E—05x* + 0.017x + 336 R* = 0.81
4)

Upper boundmass loss of steel (%) = —5E—05x* + 0.035x + 1025 R? = 0.97.
(5)

It is important to note that the maximum mass loss of steel for each
beam was larger than the mass loss predicted from Faraday's Law
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Fig. 8. Variation of mass loss of steel along the beam.

(10%). The ratio between the measured maximum mass losses of steel
to the mass loss from Faraday's Law ranged from 1.2 to 1.9. Around the
ends of the corrosion region however, steel loss from Faraday's Law
was larger than the measured mass loss of the steel. This might be the
reason why researchers who measured overall mass loss of steel
found Faraday's Law to under-predict it at low levels of corrosion
(<5%) and to over-predict it at high levels of corrosion (>10%) [23,25].
The implication is that properties of RC structures that rely on the
maximum loss of steel such as the flexural capacity are likely to be
underestimated by the level of steel corrosion that is predicted from
Faraday's Law. The interests of this paper are on the relation between
corrosion crack widths and the maximum mass loss of steel.

4. Discussion of results

The relation between the envelope of the dominant lateral tensile
strains and the envelope of the mass loss of steel along the corrosion
region and at the end of the corrosion process is shown in Fig. 9. It is
important to recall from Fig. 7 that the lower bound lateral strains
belonged with beams with crack pattern C whilst the upper bound
belonged with a beam with crack pattern A. Fig. 8 however showed
that there was no conclusive relation between the mass loss of steel
and corrosion crack patterns. This suggests that a beam that exhibits
crack pattern C, even though having narrower corrosion crack widths
than a beam that exhibits crack pattern A, can have larger levels of
steel corrosion and vice-versa.

Figs. 7-9 therefore imply that a beam that exhibits crack pattern C
and has a maximum crack width of 0.6 mm may have a maximum
mass loss of steel varying from about 8% to about 19%. The similar
range of maximum mass loss of steel of 8% to 19% however,
corresponds to a maximum crack width of 1 mm if a beam exhibits
crack pattern A. As previously mentioned, a corrosion crack width of
1 mm is specified by [30] as the most severe serviceability state
using the criterion of corrosion crack widths. Clearly, to structural
engineers and asset managers who are mainly concerned with the
residual capacity of structures because of the severe consequences of
collapse, the worst case scenario is when a beam exhibits crack
pattern C and has the largest rate of mass loss of steel. From Fig. 6
and assuming the current rate of widening of cracks and that no
spalling of the cover concrete occurs, it is evident that a crack width
of 1 mm on beam 9 was most probably going to be observed on the
side face of the beam after about 170 days of accelerated steel cor-
rosion. If the beam had the maximum recorded rate of loss of steel in
this programme (19% mass loss of steel after 65 days), then at the
time of reinstatement on the basis of the guidelines from [30], the
beam was expected to have a mass loss of steel of about 50%.
Furthermore, the principal assumption in analytical models to relate
the width of corrosion cracks with the level of steel corrosion is that
there is either one crack or if there are multiple cracks then they have
equal widths [7,8]. From the results in this programme, this
assumption applies to crack pattern A. This shows that despite the
complexity of the analytical models, they are not applicable to crack
pattern C which reiterates the earlier notion that crack pattern C
offers the worst case scenario.

The large range of mass loss of steel necessary to reach a critical
corrosion crack width that indicates the end of service life clearly
shows that service life of corrosion-affected RC structures on the basis
of corrosion crack widths should not only consider the maximum
crack width, but also the pattern of corrosion cracks. As discussed
earlier, Fig. 6 shows that the rates of widening of cracks on the side
faces of beams with crack patterns B and C were about the same as the
rate of widening of cracks at the extreme tensile face in crack pattern
B (=~0.009 mmy/day). Since the majority of the beams in this
programme exhibited crack pattern B, it is recommended that if a
corrosion-affected RC structure exhibits crack pattern C, then the
maximum crack width on the structure should be taken as the sum of
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the maximum crack width at the extreme tensile face and the
maximum crack width on the near side face. From the results in this
programme, this gives beam 9 (crack pattern C) a maximum crack
width of 0.8 mm which is comparable with the maximum crack width
found in beam 10 (crack pattern B).

5. Conclusions

It was shown in this programme that a corrosion crack width of
0.3 mm which is one of the criteria for end of service life of corroding RC
structures [30] was observed at about the same time for various beams
used in the programme. If however, a corrosion crack width of 1 mm
was to be used as a criterion for end of service life then similar beams
were found to have significantly varying times for end of service life
depending on their pattern of corrosion cracks. The rate of loss of steel
was however found not to be dependent on the crack patterns. It was
shown that to reach a crack width of 1 mm, the beams were likely to
have mass losses of steel ranging from 8% to 50%. It was therefore
recommended that for beams that exhibit cracks on the extreme tensile
face as well as on the near side face, the maximum crack width should be
taken as the sum of the maximum cracks for each face of the beam. If the
recommendations in this programme are followed then a maximum
crack width of 0.8 mm is reached at a mass loss of steel ranging from 8%
to 19%. To be conservative, a mass loss of steel of 1% corresponds to a
maximum corrosion crack width of 0.04 mm.

Other researchers have found that a mass loss of steel of 1% generates a
maximum crack width of 0.08 mm [20] whilst others [3] found a mass loss
steel of 1% to induce crack widths of around 0.03 mm. These results are
similar to those obtained in this programme for crack pattern B. The
principal difference between this programme and the previous pro-
grammes is that in this programme it is clearly shown using the rate of
widening of corrosion cracks in different crack patterns that using the
relations between mass loss of steel and corrosion crack widths without
understanding the rates of widening of corrosion cracks may result in
some structures being repaired at unbearable levels of steel corrosion. For
example, relation between mass loss of steel and crack widths from [3]
suggests that a crack width of 1 mm will be obtained at a mass loss of steel
of 12.5%. This agrees with results for crack patterns A and B in the
programme. If 12.5% represents a critical level of steel corrosion necessary
for reinstatement of structures, according to this relation, a crack width
below 1 mm indicates that the level of steel corrosion is below critical.
It was however shown in the programme that under crack pattern C,
a beam may reach a crack of 1 mm after a mass loss of steel of 50%.
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